Megakaryocytes release platelets by reorganizing the cytoplasm into proplatelet extensions. Fundamental to this process is the need to coordinate transport of products and organelles in the appropriate abundance to nascent platelets. The importance of the Rab family of small GTPases (guanosine 5-triphosphatases) in platelet biogenesis is revealed in gunmetal (gm/gm) mice, which show deficient Rab isoprenylation and macrothrombocytopenia with few granules and abnormal megakaryocyte morphology. Although some Rab proteins are implicated in vesicle and organelle transport along microtubules or actin, the role of any Rab protein in platelet biogenesis is unknown. The limited number of Rab proteins with defective membrane association in gm/gm megakaryocytes prominently includes Rab27a and Rab27b. Normal expression of Rab27b is especially increased with terminal megakaryocyte differentiation and dependent on nuclear factor-erythroid 2 (NF-E2), a transcription factor required for thrombopoiesis. Chromatin immunoprecipitation demonstrates recruitment of NF-E2 to the putative Rab27B promoter. 
Introduction
Mammalian blood platelets are released from bone marrow megakaryocytes (MKs) in a process that transforms the entire MK cytoplasm into long pseudopodia known as proplatelets. [1] [2] [3] Nascent platelets are assembled within these structures. 4 The need for dramatic cytoplasmic and cytoskeletal reorganization and concomitant assembly of anucleate platelets presents unusual challenges to differentiated MKs. The cellular and molecular response to these challenges is poorly understood.
Selected mouse models of thrombocytopenia and qualitative platelet defects have proved invaluable in probing the molecular basis of platelet biogenesis. Mice lacking either of 2 erythromegakaryocytic transcription factors, GATA1, and nuclear factorerythroid 2 (NF-E2), show dramatically arrested MK maturation 5, 6 and thus implicate their target genes in aspects of platelet assembly. However, the transcriptional targets of GATA1 and NF-E2 that are immediately relevant to MK fragmentation and platelet release are not known. Other insights derive from findings in animal models of the human Hermansky-Pudlak syndrome (HPS), a multigenic group of recessively inherited disorders that result from abnormal synthesis of 3 related organelles: melanosomes, platelet-dense granules, and lysosomes. 7 HPS proteins regulate intracellular vesicle traffic, including the ␦ and ␤3A subunits of the AP-3 adaptor complex, which captures organelle membrane proteins at the trans-Golgi apparatus and/or endosomes, and the pallid protein, which interacts with syntaxin-13 to mediate vesicle fusion. 8, 9 These HPS proteins highlight molecular pathways that serve to assemble and transport organelles but they do not overtly influence the efficiency with which MKs release platelets. In contrast, thrombocytopenia is a cardinal feature of the gunmetal mouse. 10 The cellular morphology of gm/gm MKs closely resembles that seen in the absence of NF-E2, with reduced numbers of ␣ and dense granules and disorganized internal membrane complexes. 5, 11 Investigation of the reduced and defective platelet synthesis in gunmetal mice is thus especially suited to help elucidate thrombopoietic mechanisms.
The gunmetal mutation reduces cellular levels (to about 20% of normal) of the ␣ subunit of Rab geranylgeranyltransferase (RGGT), 12 the only enzyme known to attach lipid groups to the C-terminus of the Rab family of small Ras-like GTPases (guanosine 5Ј-triphosphatases). Covalent isoprenylation endows Rab proteins with lipophilic character and hence permits their association with target membranes. 13 Rab proteins constitute the largest family of Ras-related proteins, with more than 60 mammalian members that serve a vast array of functions involving internal membrane organelles. 14, 15 However, the restricted phenotype of gm/gm mice indicates that selected cell types are overly susceptible to reduced RGGT levels; even though enzyme activity is equally diminished in all gm/gm tissues tested, the degree to which specific Rabs are affected varies by cell type. 12, 15, 16 Consistent with the gm/gm phenotype, significant deficits in isoprenylation are observed in melanocytes and platelets. 16 These lineage-restricted effects could result either from a high concentration of Rab proteins in target cells, so that reduced enzyme activity is limiting, or from the particular sensitivity of cell type-specific Rabs to reduced RGGT levels. Regardless of the precise mechanism, the gunmetal phenotype implies that efficient thrombopoiesis and granule biosynthesis rely on the degree of prenylation and membrane association of some Rab proteins.
Hypoprenylated Rab proteins in gm/gm tissues include the Rab27 subfamily, 12 which includes the products of 2 distinct genes, Rab27A and Rab27B, that share 71% amino acid sequence similarity. 17, 18 Rab27a was originally cloned from an MK library and is widely expressed, 17, [19] [20] [21] whereas Rab27b, also originally identified in platelets, 19 is virtually restricted in expression to platelets, the digestive tract, and the pituitary gland. 17, 18, 21, 22 We investigated the roles of individual Rab proteins expressed in MKs and found that Rab27b fulfills many of the criteria expected of a Rab protein with a role in thrombopoiesis. Expression of Rab27b is greatly increased with terminal MK differentiation and is singular among MK-expressed Rabs for dependence on NF-E2. NF-E2 is recruited to the Rab27b promoter in differentiated MKs, representing experimental evidence for its direct regulation of a gene with a plausible role in thrombopoiesis. Inhibition of endogenous Rab27 function in primary MKs causes severe quantitative and qualitative defects in proplatelet formation that recapitulate findings in gunmetal mutant mice. These observations provide new insights into the molecular and transcriptional regulation of platelet biogenesis.
Materials and methods

Plasmid constructs and antibodies
Rab27b, Rab27bT23N, Rab27bN133I, and Rab7T22N cDNAs were subcloned into the pEGFP-C1 or pEGFP-C3 vectors (Clontech, Palo Alto, CA); the resulting plasmids encode fusion proteins that contain each Rab protein or its corresponding mutant linked to the C-terminus of enhanced green fluorescent protein (EGFP). 18, 23, 24 Rabbit antisera against p45 NF-E2 were prepared as described previously 25 and immunoprecipitating p45 NF-E2 antibodies were kindly provided ( Figure 4B ) by Paul Ney (St Jude Children's Research Hospital, Memphis, TN) or purchased (Santa Cruz Biotechnology, Santa Cruz, CA; Figure 4D ). Anti-␤1 tubulin 26 and rabbit antimouse platelet 27 sera were generous gifts from Sally Lewis and Nick Cowan (New York University, New York, NY) and Carl Jackson (St Jude Children's Research Hospital), respectively. Rab27b antisera S086 was obtained and affinity purified as described previously 21 and antiserum R27B1 was raised against the Rab27b C-terminal peptide CKTQIPDTVNG-GNSG. Antisera N688 (recognizes both Rab27 isoforms) and 4B12 (specific for Rab27a) were described previously. 24 Other antibodies were obtained from commercial sources: Transduction Laboratories (Lexington, KY) for Rab1b, Rab4, Rab6, and Rab8; Biodesign International (Kennebunk, ME) for GAPDH (glyceraldehyde 3-phosphate dehydrogenase); StressGen Biotechnologies (San Diego, CA) for calnexin; Diagnostica Stago (Asnières, France) for von Willebrand factor (VWF); and Abcam (Cambridge, United Kingdom) for the rat monoclonal antibody (Ab) against serotonin.
Animal husbandry and megakaryocyte culture
The p45 NF-E2 ϩ/Ϫ (129/Sv strain), gunmetal (C57BL/6J-gm/gm), and ashen mice (C3H/HeSn-ash/ash) were maintained as described previously. 5, 11, 21 Wild-type littermates were used as controls in all experiments, thus ensuring control over strain-specific effects. Single-cell suspensions, obtained from fetal mouse livers between embryonic days 13 and 15 by repeated passage through 18-and 22-gauge needles, were cultured in Dulbecco modified Eagle medium (Life Technologies, Gaithersburg, MD) supplemented with 10% fetal calf serum, 2 mM L-glutamine, 50 units/mL penicillin, 50 g/mL streptomycin, and 1% tissue culture supernatant from a murine c-Mpl ligand-producer cell line. 25 MK-enriched cell populations were isolated after a variable number of days in continuous culture by layering cell suspensions on a 1.5% to 3.0% albumin step gradient and sedimenting at 1g for 40 minutes. Proplatelet-producing MKs were scored manually by phase-contrast, fluorescence, or computer-assisted video microscopy on day 5 of suspension cultures. To evaluate Rab expression in relation to MK maturation, fetal liver cultures were separated over albumin density gradients on culture days 3, 4, or 6, when the predominant MKs are either immature (day 3), mature with a large cytoplasm but few if any proplatelets (day 4), or producing proplatelets in abundance (day 6).
Subcellular fractionation and in vitro prenylation of cytosolic Rabs
Frozen MK, platelet, and leukocyte pellets were thawed, resuspended in lysis buffer (50 mM HEPES [N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid], pH 7.2; 10 mM NaCl; 1 mM dithiothreitol [DTT]; 0.5 mM phenylmethylsulfonyl fluoride [PMSF]; 5 g/mL pepstatin; 5 g/mL aprotinin; and 5 g/mL leupeptin) and mechanically disrupted by passages through a 21-gauge needle. For subcellular fractionation, the MK homogenates were first centrifuged at 1000g for 10 minutes at 4°C to obtain the postnuclear supernatant (PNS). The PNS was then centrifuged at 100 000g for 1 hour at 4°C and the supernatant (S 100 ) saved. The pellet (P 100 ) was resuspended in the same volume of lysis buffer and protein concentration in the PNS determined using Coomassie Plus reagent (Pierce, Rockford, IL). For the in vitro prenylation the cytosolic fractions (S 100 ) of MK, platelets and leukocytes were used. Sixteen micrograms of gm/gm, ϩ/gm, or ϩ/ϩ cytosolic protein was added to 25 
Semiquantitative RT-PCR
Total cellular RNA was isolated from purified MKs using RNAzol B (Tel-Test, Friendswood, TX) and reverse transcribed using oligo-dT primer. Reverse transcriptase-polymerase chain reaction (RT-PCR) was performed for cycle numbers in the linear range of amplification using ␣[ 32 P]dCTP (deoxycytosine triphosphosphate) as a radiotracer. The following primers were used at the annealing temperature of 58°C: Rab4 (5ЈGAGCGGT-TCAGGTCTGTGACG3Ј and 5ЈGAGCCTGTGTACGTCGAGGTG 3Ј), Rab6 (5ЈGAGCAGAGCGTTGGAAAGACG3Ј and 5ЈGCCGCCTTCA-TTGACTGGTTG3Ј), Rab8 (5ЈGTCCTGTTCCGCTTCTCCGAG3Ј and 5ЈGCTGGTCCTCTTCTGCTGCTC3Ј), Rab27a (5ЈTGTCGGA-TGGAGATTACGATTACC3Ј and 5ЈCAGCACTGGTTTCAAAAT-AGGGG3Ј), and Rab27b (5ЈGCCCTCCAAGACCATCACTATG3Ј and 5ЈGCTCCATCTGCTCCTTGTGTGT3Ј).
Chromatin immunoprecipitation (ChIP)
ChIP assays were performed as described previously, 28 with minor modifications. Cells isolated from the livers of 14.5 days after coitus (dpc) mouse embryos were cultured in the presence of thrombopoietin for 4 days, as described in "Animal husbandry and megakaryocyte culture." An MKenriched cell population was isolated and cross-linked with formaldehyde at a final concentration of 0.4% for 10 minutes at ambient temperature with gentle agitation. Glycine (0.125 M) was added to quench the reaction and the cells were pelleted at 800g for 5 minutes and washed in phosphatebuffered saline (PBS). Nuclei were isolated by incubation in lysis buffer (10 mM Tris [tris(hydroxymethyl)aminomethane], pH 8.0; 10 mM NaCl; 0.2% Nonidet P-40; 1 g/mL leupeptin; 50 g/mL PMSF) on ice for 10 minutes, followed by centrifugation at 1800g for 5 minutes. Nuclei were lysed in 0.3 mL lysis buffer (50 mM Tris, pH 8.1; 10 mM EDTA [ethylenediaminetetraacetic acid], 1% SDS [sodium dodecyl sulfate]) for 10 minutes on ice. The lysate was sonicated 3 ϫ 15 seconds at a setting of 30 with a sonicator (Fisher model 300; Fisher Scientific, Pittsburgh, PA) equipped with a microtip to shear chromatin fragments. The chromatin was diluted 4-fold in dilution buffer (20 mM Tris, pH8.1; 150 mM NaCl; 2 mM EDTA; 0.01% SDS; 1% Triton X-100; 1 g/mL leupeptin; 50 g/mL PMSF) and precleared with 25 L preimmune serum followed by 50 L protein A-sepharose. The supernatant was collected and an aliquot removed (input) for subsequent PCR analysis. The remaining chromatin was divided in equal volumes for further incubation with 15 L of anti-p45 or preimmune serum for 3 hours at 4°C followed by 30 L of protein A-sepharose for 1 hour. A molar excess of competitor peptides were included in some experiments. Sepharose beads were harvested by centrifugation and washed, and DNA was isolated for PCR as described. 28 Primers used for PCR (5Ј to 3Ј) included the following: Rab27bNFE2A (GGAAGTCCTT-GCTCTAGGAG and CTGATCGATCGTTGCAAGGC), Rab27bNFE2B (GGATGCTAGCTGATGAAGTCTG and AGTCTGCAGAGAGAGCCA-CATC), Rab27bNFE2C (GAGCTGTGGATAAGACCAGG and CTAGGTAT-TCGCAACTAGCC), Rab27bNFE2D (AGCCACTGTGTCAGCTGCAG and CTCATAGCCTACAGGACAGC), Rab27bNFE2UP (GGAGAGCAGAGGT-GATCTAG and CAGAGCCACAAGGCAAGTCA), Rab27bNFE2DN (CACGTGGTTCAGGTTGACATC and CAGAACCTCCACTCCATACTG), Rab8NFE2A (CAGGACCTCTGGAAGATCAG and CGCCGGTAGGGCTAT-GTTAT), Rab8NFE2B/C (CTGACAGATGTGTACTGCCAC and GTAGTAG-GCAAAGGTCTGCTG), and Rab8NFE2D (CCATGCTCCTGTGACTA-AGTC and CCATGATAGGCAAGAGATGGC). PCR products were quantified by analysis of ethidium bromide-stained gels using National Institutes of Health (NIH) Image 1.61 software (http://rsb.info.nih.gov/nih-image).
Immunoblot analysis
Immunoblots were performed according to standard protocols. 29 Cell extracts were resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. All primary antibodies, except affinity-purified S086, were incubated at 1:1000 dilution. After 3 washes, membranes were incubated with 1:10 000 dilution of horseradish peroxidase (HRP)-conjugated goat antirabbit immunoglobulin G (IgG; Santa Cruz Biotechnology) or 1:2500 dilution for HRPconjugated goat antimouse IgG (Amersham, Arlington Heights, IL) for 1 hour and washed again. Signals were detected using enzymatic chemiluminescence (Amersham) and, where shown, quantified by analysis of band intensity using NIH Image 1.61 software.
Megakaryocyte transfection
Cells derived from mouse fetal livers cultured in the presence of thrombopoietin, as described above, were harvested after 2.5 days. Plasmids encoding fusion products between EGFP and wild-type or mutant Rab proteins, driven by the cytomegalovirus (CMV) promoter, were coated onto 0.6-m gold beads by the method of Sanford et al. 30 The gold beads (10 mg) were suspended in 70% ethanol, washed with distilled water, and suspended in 50% (vol/vol) glycerol to a final concentration of 60 mg/mL. Ten microliters of bead slurry was then incubated with 1 g plasmid, 10 L of 2.5 M CaCl 2 , and 4 L of 0.1 M spermidine with continuous vortexing for 3 minutes. The gold was pelleted by pulse microcentrifugation, washed sequentially with 70% and 100% ethanol, and resuspended in 100 L of 100% ethanol. Ten microliters of the DNA-coated beads was placed on a macrocarrier and delivered into cells spread in a 10-L volume in the center of a 35-mm tissue-culture dish. This was achieved at a pressure of 900 psi at 10 mm Hg using a power density spectrum (PDS) 1000 He Biolistic particle delivery system (Bio-Rad, Hercules, CA) and resulted in transduction efficiencies between 0.5% and 1%. Cells were returned to culture for 24 hours before analysis for proplatelet formation or immunostaining for VWF.
Immunofluorescence
Transfected megakaryocytes were cytocentrifuged gently onto poly-L-lysinecoated glass slides, fixed in 4% paraformaldehyde in PBS for 20 minutes, and incubated with 5% goat serum in 0.05% saponin in PBS for 30 minutes. Cellular autofluorescence was quenched by two 5-minute treatments with 1 mg/mL sodium borohydride (NaBH 4 ) freshly prepared in PBS. Rabbit anti-VWF serum (Diagnostica Stago) was added at 1:200 dilution in 1% goat serum containing 0.05% saponin in PBS and incubated at ambient temperature for 30 minutes. After washing in PBS, cells were treated with Texas Red-conjugated antirabbit IgG (Jackson Immunoresearch, West Grove, PA) at 1:400 dilution in 0.05% saponin in PBS for 30 minutes. Staining controls were processed identically except for omission of the primary antibody. Preparations were observed using a Zeiss Axioskop 2 microscope (ϫ 40 oil objective; Thornwood, NY) equipped with appropriate filters for GFP and Texas Red fluorescence emission. In colocalization experiments, antiserum R27B1 was conjugated directly with fluorescein isothiocyanate (FITC) and the rabbit anti-VWF serum was conjugated directly to Texas Red. Cells were observed with a Bio-Rad MRC 1024 laser scanning confocal microscope (ϫ 100 Differential Interference ContrastApochromatic oil immersion objective).
Results
A requirement for Rab function in proplatelet formation
Previous studies suggest that the thrombocytopenia in gm/gm mice results from reduced production rather than excessive destruction of blood platelets. 10 To investigate the cellular basis for this deficit, we studied proplatelet formation by MKs cultured in the presence of thrombopoietin (Tpo). 31 Compared with ϩ/gm controls, the proportion of gm/gm MKs elaborating proplatelets at any time is reduced approximately 10-fold, as judged by phase-contrast microscopy ( Figure 1A) , and their proplatelets harbor notable qualitative defects. The gm/gm MKs usually form early, blunt pseudopodia that fail to convert into the typically long, beaded proplatelet extensions ( Figure 1B ). Immunofluorescent staining for ␤1 tubulin, a sensitive marker of MK maturation, 32 reveals poorly developed proplatelet extensions in many fewer gm/gm MKs than in control cells ( Figure 1C-D) , despite normal ␤1 tubulin protein levels ( Figure 1E ), and the constrictions that separate platelet-sized areas along the proplatelet shaft are reduced or absent. The observed reduction in proplatelet numbers does not follow trivially from a decrease in MK proliferation or reflect a substantial early block in MK differentiation, as MK progenitor numbers are normal and the DNA ploidy profiles of ϩ/gm and gm/gm MKs are nearly identical (data not shown). Indeed, because thrombocytopenia in gm/gm mice is associated with a compensatory 4-fold increase in MK numbers, 11 the approximately 10-fold reduction in proplatelet formation correlates well with the 50% reduction in circulating platelets and implicates the proplatelet formation defects in producing fewer platelets in vivo.
Defining the molecular defects in gm/gm MKs RGGT enzyme activity is reduced to about 20% of normal levels in gm/gm mice; this impairs prenylation of Rab proteins and compromises their function. 12 However, the activity of only a portion of the more than 60 known Rab proteins appears to be sensitive to this enzymatic deficiency, as the phenotype of gm/gm mice is limited to hypopigmentation and thrombocytopenia. To define the molecular basis for MK defects in gm/gm mice, we performed in vitro prenylation assays on MK and platelet cytosolic extracts in the presence of recombinant RGGT and Rab escort protein 1 (REP-1). 20, 33 In this assay, unprenylated Rab proteins are modified by covalent addition of [ 3 H]geranylgeranyl pyrophosphate and detected by autoradiography after SDS-PAGE. The ϩ/gm lysates contain no radiolabeled bands, confirming that cellular Rabs are efficiently prenylated in normal blood cells, whereas gm/gm lysates show a limited number of hypoprenylated Rab proteins ( Figure 2A ). The electrophoretic pattern of labeled gm/gm Rabs is superficially similar in leukocytes and MKs or platelets. However, the slowest migrating protein constitutes a greater fraction of the Rab proteins in platelets than in MKs, suggesting that it is either preferentially incorporated in platelets or a particularly late product in MK differentiation. A previous study showed that a similar slow-migrating Rab protein in lymphocytes was a member of the Rab27 subfamily, 33 and in subcellular fractionation experiments both Rab27a and Rab27b are found exclusively in the soluble, nonmembrane fraction of gm/gm MKs, attesting to their hypoprenylation ( Figure 2B) . Furthermore, the level of Rab27b is reduced in gm/gm MKs, as revealed in both the soluble and postnuclear supernatant fractions ( Figure 2B ).
The mouse coat color mutant ashen is due to a splice site mutation that abolishes Rab27a expression. 34 The ash/ash mice have normal platelet numbers 21 and examination of their MKs reveals no compromise in elaboration of proplatelets (data not shown). To determine the relative abundance of the 2 Rab27 isoforms, we performed immunoblot analysis of MK lysates using specific antibodies. Despite absence of Rab27a, total Rab27 protein levels in ash/ash lysates are similar to those in control cells, suggesting that Rab27b is the predominant isoform expressed in MKs ( Figure 2C ). Six Rab proteins are present at appreciable levels in blood platelets. 35 Among these, the amount of Rab27b increases the most significantly (Ͼ 8-fold) and earliest in the maturation process, in contrast to Rab27a and other Rabs whose changes in expression are both more modest (1.2-to 4-fold) and slower ( Figure 2D ).
Taken together, these results point to (1) abundant expression of Rab27b in MKs and platelets, especially relative to Rab27a; (2) the possibility that reduced Rab27b activity in the gm/gm mouse contributes to its platelet defect; and (3) absence of a requirement for Rab27a in thrombopoiesis. These observations led us to suspect that Rab27b may play some role in platelet production.
MK expression of Rab27b depends on the transcription factor NF-E2
Like the gunmetal mutant, mice lacking the transcription factor NF-E2 are profoundly thrombocytopenic as a result of failure to form proplatelets. 5, 31, 36 Moreover, MKs in both mouse mutants display the common features of disorganized demarcation membranes and reduced 5, 10 To test the possibility that the shared phenotypes in part reflect common molecular deficits, we examined the levels in p45 NF-E2 Ϫ/Ϫ MKs of each of the 6 Rab proteins known to be expressed in the MK-platelet lineage. 35 Rab27b is completely absent from these cells ( Figure  3A) , whereas other Rabs are present at nearly normal levels. Hence, the gm/gm and p45 NF-E2 mutants represent independent mouse lines in which thrombopoietic deficits are associated with loss of functional Rab27b. However, absence of NF-E2 is associated with many defects besides loss of Rab27b expression. 32, [37] [38] [39] Despite the central importance of NF-E2 in platelet release, its critical transcriptional targets in MKs are largely unknown. The absence of Rab27b from p45 NF-E2 Ϫ/Ϫ MKs raises the possibility that it may represent one such target. Indeed, in contrast to each of the other tested Rabs, steady-state levels of Rab27b mRNA are reduced about 8-fold in p45 NF-E2 Ϫ/Ϫ MKs compared with control cells (Figure 3B ; a signal appears after only 23 cycles of RT-PCR in wild-type cells, whereas a signal of lower intensity appears after 26 cycles in NF-E2-deficient MKs). Thus, the reduced Rab27b protein levels likely reflect lower levels of gene transcription.
Analysis of the murine Rab27b gene locus 18 identifies 4 potential NF-E2 binding sites (designated A-D in Figure 4A ) between 1 kb upstream of the transcription start site and the end of the large first intron. Chromatin immunoprecipitation (ChIP) is a proven and useful approach to assess transcriptional regulation by NF-E2 and other factors in many contexts 40, 41 and we used this method to determine if NF-E2 is recruited to any of its putative binding sites in the Rab27b locus. To establish specificity in this PCR-based assay, we first performed ChIP using dimethyl sulfoxide (DMSO)-treated murine erythroleukemia (MEL) cells, which activate NF-E2-dependent ␤-globin gene expression, and PCR primers specific for DNase I hypersensitive site 2 (HS2) within the ␤-globin locus control region. [42] [43] [44] Immunoprecipitation with antip45 NF-E2 antibody recovered HS2 fragments efficiently and selectively from the erythroid-enriched, MK-depleted cell fraction; induction with DMSO increased this capture (data not shown). In cultured cell fractions enriched for MKs, p45 NF-E2 antiserum consistently recovers the Rab27b NF-E2(A) fragment ( Figure 4B ). The fragments designated B-D are never recovered in the same experiments, whereas recovery of fragment A is competed in the presence of excess peptide antigen ( Figure 4B ) and reproduced with an independent p45 NF-E2 antibody ( Figure 4D ). To evaluate the specificity of these findings, we probed p45 NF-E2 chromatin immunoprecipitates for the presence of DNA fragments from additional regions: 2 areas approximately 2 kb on either side of the A site in the Rab27b locus (to further confirm specificity in cis) and 3 others from the promoter and first intron of the murine Rab8 locus, which also contains 4 potential NF-E2 binding sites (Figure For personal use only. on December 24, 2017. by guest www.bloodjournal.org From 4C). None of these regions could be amplified under conditions in which the Rab27b NF-E2(A) site was detected readily ( Figure 4D ). Taken together, these results imply that NF-E2 associates with the Rab27b locus through at least one binding site in the putative promoter, and they suggest a direct role for NF-E2 in activating Rab27b gene transcription in MKs.
Function of Rab27b in MK fragmentation
The 10-fold lower proplatelet formation by gm/gm MKs indicates that one or more Rab proteins is required in this process, and the foregoing analysis points to Rab27b as a likely important component. To investigate Rab27b function in proplatelet formation, we transfected wild-type MKs with GFP-tagged dominant inhibitory versions of Rab27b (N133I and T23N, which correspond to the dominant-negative RasN116I and RasS17N, respectively 24 ) and assessed proplatelet formation the next day. These constructs are well validated in the literature 22, 24, 33 and we confirmed the activity in a Rab GTPase assay in vitro (data not shown). We transduced primary MKs on culture day 2.5 because at later stages cells become excessively fragile and sustain damage on the transduction protocol. The starting cell population is consequently relatively immature and proplatelet formation is inefficient, even in untransfected controls (24% Ϯ 2.5%), relative to unmanipulated wild-type MKs (eg, Figure 1A ) but is not significantly attenuated (16% Ϯ 2%) in mock-transfected cells ( Figure 5A ). MKs expressing either of the 2 dominant inhibitory constructs show about a 5-fold reduced proplatelet formation ( Figure 5A ), as defined by the presence of 2 or more pseudopodial cytoplasmic extensions, compared with cells transfected with wild-type Rab27b. Significantly, the cytoplasmic extensions formed by MKs expressing dominant-negative Rab27 forms are consistently much shorter than those seen in controltransfected cells ( Figure 5B ). This combination of findings resembles both major defects revealed in our cellular analysis of gm/gm MKs.
Overexpression of the N133I or T23N mutants is likely to interrupt recycling of the native protein by depleting Rab-specific GTP-exchange factors. To substantiate that the effects on proplatelet formation result from specific inactivation of endogenous Rab27 proteins, we overexpressed the Rab27 binding domain of synaptotagmin-like protein-1 (Slp1), a Rab27 effector. 45, 46 Transient expression of GFP-tagged Slp1(1-150) in melanocytes has a demonstrated antagonistic effect by perturbing association of Rab27 with its endogenous effectors. 45 MK expression of GFPtagged Slp1(1-150) also results in reduced numbers of MKs that elaborate bona fide proplatelets, at a magnitude comparable to that observed with the N133I or T23N mutants, and individual proplatelet extensions are again notably shorter ( Figure 5A-B) . As yet another control for specificity, Rab7T22N, which is known to disrupt late endocytic membrane traffic, 23, 47 causes a trivial decline (from 17% to 13%) in the proportion of MKs that elaborate proplatelets ( Figure 5A ) and it does not truncate the cytoplasmic extensions (data not shown).
These results directly implicate a Rab27 protein in the efficiency and manner in which mature MKs fragment to release platelets, although the design of the dominant-negative constructs precludes reliable distinction between the a and b isoforms. However, the relative abundance of Rab27b, its considerable increase with MK differentiation, and its selective loss in the absence of NF-E2 combine to suggest that it is the more relevant factor in thrombopoiesis.
Role for Rab27b in platelet-specific granules
To investigate potential sites and mode of action, we considered Rab27b in the light of established roles for other Rab proteins, which mediate various aspects of organelle synthesis and transport. 14 The Rab27b-specific antiserum R27B1 stains primary MKs in a granular pattern throughout the cell body ( Figure 6A ) and in proplatelets ( Figure 6B ). Costaining with ␤1 tubulin antiserum ( Figure 6C ), which highlights proplatelet shafts and the nascent marginal microtubule band, 32 shows that Rab27b is not associated exclusively with the thick microtubule bundles that line proplatelets; however, the granules containing Rab27b could certainly associate with other less abundant cellular microtubule forms that 
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are not readily apparent in this experiment. To identify the cytoplasmic compartment in which Rab27b is present, we performed double immunolabeling and detected colocalization of Rab27b with the ␣-granule protein von Willebrand factor (VWF; Figure 6D -I). Although most VWF-stained particles show Rab27b staining, some Rab27b-positive granules do not contain VWF. To account for all of the visible Rab27b immunostain in primary MKs, we performed double immunostaining with serotonin, a marker of platelet-dense bodies. Rab27b-stained granules also show bright staining for serotonin ( Figure 6J-L) . These results confirm a previous report that suggested that Rab27b is mainly localized in the limiting membranes of platelet-dense and ␣ granules. 21 Rab27a is implicated in actin-mediated intracellular capture of melanosomes, 45, 46 but the abundance of actin fibers in mature MKs precludes meaningful assessment of physical associations between Rab27b and actin filaments. Rab27b may nevertheless function in aspects of granule assembly or transport. Indeed, plasma VWF levels are elevated in gm/gm mice, suggesting that excess VWF accumulates in the MK cytoplasm because its delivery to ␣ granules is impaired. 10 To address the possibility that Rab27 may operate to deliver protein cargo to developing platelet granules, we expressed the dominant Rab27b inhibitors T23N, N133I, and Slp1(1-150) in cultured MKs and examined the effects on VWF localization and abundance. All mutant forms fail to alter either the distribution or amount of VWF, which is abundantly expressed in cytoplasmic granules (Figure 7) . Thus, Rab27 proteins appear not to be required for transport of ␣-granule proteins to their organelle destination in maturing MKs.
Discussion
This study presents evidence from normal MKs and independent mouse models of thrombocytopenia that point to the Rab27 subfamily as a component of the thrombopoietic machinery. We show that the cellular basis for thrombocytopenia in gm/gm mice is a profoundly compromised capacity to elaborate proplatelets, a phenotype shared with mice lacking the transcription factor NF-E2. Rab27b is an especially abundant platelet protein that is inactive or absent in MKs derived from gm/gm and p45 NF-E2 Ϫ/Ϫ mice, respectively, and coats ␣ and dense granules, 2 secretory organelles with important roles in hemostasis. Expression of dominantinterfering Rab27 forms in primary MKs results in a substantial decline in proplatelet-forming cells, with concurrent reduction in the length of cytoplasmic extensions. These findings recapitulate the morphologic defects seen in gm/gm MKs and directly implicate a Rab27 protein in the initiation and subsequent elaboration of cytoplasmic processes en route to platelet release. Our results add to the growing appreciation of molecular mechanisms that govern the remarkable process by which a single MK fragments to produce thousands of blood platelets.
Although our studies focus on Rab27b, the dominant-negative strategy in itself does not distinguish between the individual roles of Rab27a and Rab27b. This is because the N133I and T23N mutants and Slp1 fragment likely sequester factors required for the action of both the a and b isoforms. 45 Nevertheless, the weight of evidence is more consistent with a special role for Rab27b in thrombopoiesis. Ashen mutant mice, which lack Rab27a, 34 do not have a defect in platelet production per se. Furthermore, among the small number of platelet-expressed Rab proteins, Rab27b expression increases the most with terminal MK differentiation and appears to be under the transcriptional regulation of NF-E2. Thus, though our experiments that directly test Rab27 function do leave open the possibility of some role for Rab27a in platelet biogenesis, between these 2 factors Rab27b is more likely the principal effector molecule. Based on their nonoverlapping patterns of expression 21 and identification of a large family of Rab27 effector proteins, 45, 46 there is also the potential for unique functions for the a and b forms.
Addressing these and related questions presents a significant experimental challenge because proplatelet dynamics can only be studied in primary MKs, which resist conventional means of manipulating gene expression. We expressed plasmids in cultured MKs using a method for bombarding cells with DNA-coated gold particles. 30, 48 This enables transgene expression in postmitotic MKs without significant toxic effects on proplatelet formation but transduction efficiencies are poor, and rigorous analysis relies on the ability to identify the fraction of cells with demonstrable transgene expression. Although the results are reproducible and meaningful, there are limits on the extent to which cellular detail can be resolved so that any role for Rabs in regulating the internal MK demarcation membrane system, for example, remains obscure. Despite these limitations, our data establish Rab27b as an important target of RGGT deficiency and of NF-E2 regulation and as a likely essential differentiation product in maturing MKs.
The size and complexity of the Rab protein family would suggest that any single member probably makes an individually small contribution toward the totality of organelle dynamics, although that contribution may be measurable and important. Our findings implicate Rab27b as only one component of key intracellular events and help define its role within NF-E2-dependent pathways of MK differentiation. Regarded in the context of the limited phenotype in gunmetal mice, our results reinforce the notion that properties limited to the Rab27 subfamily and a few other Rabs may render them especially sensitive to reduced RGGT enzyme levels. 20 Transcriptional targets of NF-E2 must serve essential roles in molecular mechanisms of platelet biogenesis and release. 5, 36, 49 Some pathways that seem to function downstream of NF-E2, such as prostaglandin metabolism 37, 50 and inside-out integrin signaling, 38, 39 are as yet not directly implicated in proplatelet formation or platelet release, although ␤1 tubulin is both down-regulated in NF-E2-null MKs 32 and required for optimal platelet production. 51 Here we identify Rab27b as a new component in NF-E2-dependent pathways of platelet assembly. Like ␤1 tubulin, Rab27b is lost in the absence of NF-E2 function and, acting alone or in combination with Rab27a, it appears to be essential for proplatelet formation. NF-E2 is recruited to candidate cis-elements in the Rab27b gene, which is therefore likely a bona fide transcriptional target. These findings support the idea that NF-E2 regulates many aspects of thrombopoiesis and that identification of NF-E2 target genes will continue to help elucidate underlying mechanisms. However, the apparent complexity of the pathways regulated, directly or indirectly, by NF-E2 precludes proving the requirement for individual components by introducing single genes in NF-E2-null MKs because this strategy is unlikely to rescue the discernible cellular defects. 32 In contrast to our demonstration of physical association between p45 NF-E2 and the Rab27B gene locus using ChIP ( Figure  4 ), we do not detect binding of the NF-E2 complex to a synthetic consensus oligonucleotide by a shift in electrophoretic mobility (data not shown). This would suggest that the purported interactions are weak or transient and acquire strength or stability mainly in the context of intact nuclear chromatin. The biology of NF-E2 is complicated, as cells modulate the relative abundance of alternative activating and repressive complexes precisely 49 ; studies that implicate it in transcriptional regulatory functions in vitro or in transgenic mice 40, 42, 44, [52] [53] [54] are not accurately reflected in knockout mice, [55] [56] [57] [58] and discrepancies are noted in roles defined in different assays. 43, 59, 60 NF-E2 is also subject to influential posttranslational modifications. 61, 62 The present observations are consistent with its likely complex role in regulating Rab27B gene expression in MKs. Future promoter studies might define the degree to which NF-E2 regulates this gene directly.
The simplest interpretation of our findings also sheds new light on mechanisms of proplatelet formation. Rab27b is prominently found in association with 2 platelet-specific organelles, ␣ and dense granules, yet dominant-interfering constructs do not alter the granular staining distribution or abundance of VWF. This at least suggests that a Rab27 protein is not required to deliver VWF from the trans-Golgi network to developing ␣ granules; instead, Rab27 function is essential for elaboration of normal proplatelets. Accordingly, our results would suggest that proplatelet formation relies critically on platelet granules expressing differentiation-related effector molecules and that proplatelet formation is coupled in previously unsuspected ways to signals, like Rab27b, that reside on granule surfaces. Platelet release represents the culmination of MK maturation but probably requires cell-intrinsic cues and mechanisms for its onset and execution. Rab27b may serve to link ␣ and/or dense granules with signals that drive proplatelet formation.
Such a model does not exclude an independent or related role for Rab27b in transporting granules along proplatelets. Other Rab proteins function in this capacity, [63] [64] [65] and Rab27b colocalizes with platelet granules in both the cell body and proplatelet extensions. Indeed, Rab27b function may be considered in light of the role of its closest relative, Rab27a, in melanocytes. Here, melanosomes initially move along microtubules in a Rab27-independent manner. In the cell periphery, melanosome-associated Rab27a recruits melanophilin, a postulated effector molecule that facilitates association of melanosomes with actin filaments. 24 For personal use only. on December 24, 2017. by guest www.bloodjournal.org From known Rab27 effectors and distinct mechanisms impart selective effects in different cell types. 45, 46, 66 By analogy, platelet granuleassociated Rab27b might help capture proteins that operate within the actin cytoskeleton. Growth and extension of proplatelets requires repeated branching, which is dependent on actin, 4 but the relative roles of actin and microtubules in proplatelet organelle transport are not known. Our data imply that some aspects of granule transport and proplatelet extension are intricately coupled, and the potential role of actin filaments in that coupling merits further investigation.
